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DNA Complexed Structure
of the Key Transcription Factor
Initiating Development in Sporulating Bacteria
latory domain is homologous to the regulatory domains
of other response regulators of two-component regula-
tory systems (for reviews, see Hoch and Silhavy, 1995
[8]). Phosphorylation of this domain activates the tran-
scriptional functions of the molecule [9]. It is not known,
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Medicine however, how the phosphorylation of the N-terminal do-
main enhances the DNA binding affinity of the C-terminalThe Scripps Research Institute
La Jolla, California 92037 domain. The prevailing hypothesis is that in the unphos-
phorylated state, the N-terminal domain inhibits the DNA
binding surface and phosphorylation relieves the inhibi-
tion through conformational changes. The C-terminalSummary
domain is unique among response regulators and is
conserved only in Spo0A homologs from endospore-Sporulation in Bacillus species, the ultimate bacterial
forming bacteria [10]. This portion of the molecule con-adaptive response, requires the precisely coordinated
tains the DNA binding specificity of the protein.expression of a complex genetic pathway, and is initi-
The crystal structures of Spo0AN [11] and its phos-ated through the accumulation of the phosphorylated
phorylated form, Spo0ANP [12] from Bacillus stearo-form of Spo0A, a pleiotropic response regulator tran-
thermophilus, which are highly similar to their B. subtilisscription factor. Spo0A controls the transcription of
counterparts, have been reported. The structure ofseveral hundred genes in all spore-forming Bacilli in-
Spo0ANP revealed several phosphorylation-inducedcluding genes for sporulation and toxin regulation in
conformational changes in the regulatory domain. Thepathogens such as Bacillus anthracis. The crystal
three-dimensional structure of the C-terminal DNA bind-structure of the effector domain of Spo0A from Bacil-
ing domain (Spo0AC) from Bacillus stearothermophiluslus subtilis in complex with its DNA target was deter-
displays a single domain comprising six  helices with amined. In the crystal lattice, two molecules form a
novel fold. A classical helix-turn-helix (HTH) DNA bindingtandem dimer upon binding to adjacent sites on DNA.
motif is present in the Spo0AC crystal structure [13].The protein:protein and protein:DNA interfaces re-
Although the structures of the NtrC [14], NarL [15], OmpRvealed in the crystal provide a basis for interpreting
[16, 17], and PhoB [18] response regulator C-terminalthe transcription activation process and for the design
domains also reveal an HTH DNA binding motif, theof drugs to counter infections by these bacteria.
remainder of the structures are quite different from that
of Spo0AC.
Introduction The regulatory domains of response regulators are
similar in structure, consistent with the conserved phos-
The cessation of vegetative growth and the onset of photransfer signal transduction mechanism, whereas
stationary phase and sporulation in spore-forming Ba- the DNA binding domains display the diversity in se-
cilli are regulated by the Spo0A response regulator tran- quence and structure required for response specificity.
scription factor [1, 2]. Spo0A is activated by phosphory- In this report, we present the three-dimensional struc-
lation through the phosphorelay signal transduction ture of a Spo0AC:DNA complex obtained by X-ray crys-
pathway which is, in turn, activated by environmental tallography. These are among the first crystallographic
signals whose influence is mediated by several sensor data for a response regulator bound to its target DNA.
histidine kinases [3, 4]. Spo0A up- or downregulates In the crystal lattice, two molecules form a tandem dimer
more than 500 genes, either directly by binding to an upon binding to adjacent sites on DNA. We present
0A box, 5-TGNCGAA-3, in the promoters of affected results of our studies with emphasis on the recognition
genes or indirectly by regulating other pleiotropic global of the 0A box by Spo0A and on the interaction between
regulators such as AbrB [5]. In addition to sporulation, DNA-bound Spo0AC molecules.
Spo0A regulates many genes of importance to pathoge-
nicity including toxins and virulence factors in Bacillus Results
anthracis [6], Bacillus thuringiensis [7], and other poten-
tially infective spore-forming bacteria. Sporulation itself The C-terminal domain of Spo0A was crystallized in a
constitutes an important virulence and persistence fac- complex with a DNA duplex containing an 0A box. The
tor in these infections, which suggests that interference duplex had a total of 15 base pairs and an additional
with the functions of Spo0A may be a therapeutic target. overhang of one base on each 5 end (Figure 1A). The
Spo0A is a two-domain protein with 267 amino acid structure of the complex was solved using multiwave-
residues. The first 124 residues constitute the N-terminal length anomalous dispersion techniques and refined
regulatory domain, Spo0AN, which is separated from with 2.3 A˚ diffraction data to an R factor of 22.1%. The
the DNA binding and transcription activation domain, crystals contained two DNA duplexes and four Spo0AC
Spo0AC (residues 151–267), by a linker region. The regu-
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Figure 1. Spo0A Binding to DNA
(A) The arrangement of the DNA duplexes in the crystal lattice. The first duplex is shown in blue and the second in black. The bases related
by translation symmetry are shown in lower case letters. The four binding sites are labeled Box1–Box4. The two inherent 0A boxes are shown
with a green outline and the boxes at the joints are shown by a red outline. The last base A in the 3 strand of Duplex1 and the first base T
of the 5 strand in Duplex2 are displaced from the helix and do not participate in base pairing. These bases were poorly defined in the electron
density maps and were excluded from the refinements.
(B) The two 0A boxes in the AbrB promoter.
(C) An overview of the Spo0AC:DNA complex. The bases of the inherent 0A boxes are colored green and the two boxes at the joints are
colored pink. The four molecules are labeled Mol-A, Mol-B, Mol-C, and Mol-D.
(D) A schematic representation of the protein interactions on the four binding sites. The 5 and 3 strands of Duplex1 are labeled E and E
and the inherent 0A box sequences are labeled E1–E7 and E1–E7. Similarly, Duplex2 strands are labeled G and G. Residue labels are shown
against a background color coded red for Mol-A and Mol-C and blue for Mol-B and Mol-D. Residue labels above the bases indicate interactions
with the bases. The interactions with the backbone atoms are shown by broken lines.
molecules in the asymmetric unit. The duplexes are Box2 formed at the end of Duplex1 has the consensus
sequence for the first five bases, but Box4 formed attermed Duplex1 and Duplex2 and the four Spo0AC mole-
cules are termed Mol-A, Mol-B, Mol-C, and Mol-D. Du- the end of Duplex2 is only conserved for the first three
bases. Box2 is spaced one helical turn away from Box1,plex1 and Duplex2 form a longer helix of 31 base pairs
by aligning in a head-to-tail manner. The lattice transla- placing both on the same face of the DNA helix. The
tandem positioning of two Spo0A boxes on adjacenttions in turn transformed this 31-base pair helix into a
continuous helix (Figure 1A). This arrangement results helical turns is similar to their positions in the AbrB
promoter (Figure 1B). Box3 begins half a helical turnin the formation of two extra binding sites at the joints,
in addition to the 0A box contained in each duplex. The after the beginning of Box2, placing Box3 and Box4 on
the opposite side of the DNA duplex. The two chainsfour binding sites are labeled Box1, Box2, Box3, and
Box4. Box1 and Box3 are the inherent binding sites. in the first duplex are termed E and E and the bases
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of the inherent 0A box are labeled E1–E7 on the 5 strand the basis of the observed interactions with the 0A box.
and E1–E7 on the 3 strand. Similarly, the chains in the For example, mutation of Arg214 to Gly or Ala completely
second duplex are named G and G and the bases of abolished both DNA binding and transcriptional activa-
the inherent 0A box are G1–G7. tion while E213G and E213A Spo0A variants decreased
The Spo0A molecules that bind to sites 1 and 2 are binding and completely abolished transcriptional activa-
close enough to interact and form a dimer, as do mole- tion of spoIIA and spoIIE [19]. An E213D mutant neither
cules that bind to Box3 and Box4 (Figure 1C). Figure 1D repressed abrB nor activated spo0IIA [13, 20]. Both E213
provides a schematic representation of the interactions and R214 are involved in hydrogen-bonding interactions
of the four molecules with the four 0A boxes. It is worth with the bases.
noting that the fourth site formed at the end of the sec- Several mutations in 0A boxes at various promoters
ond duplex binds a Spo0AC molecule, despite only the have been studied [11, 13, 21]. Mutations that modify
first three bases conforming to the consensus sequence the fourth and fifth base pairs from nonconsensus se-
(Figure 1A). quence to the consensus sequence invariably increase
Spo0A activity and mutations away from the consensus
Interactions with the 0A Box have the opposite effect. The second, fourth, and fifth
Mol-A contacts DNA at the consensus sequence 5- base pairs are involved in direct sequence-specific inter-
TGTCGAA-3 in the major groove of the DNA duplex actions in the crystal structure consistent with the ob-
using three helices, C, D, and F, in addition to the served effects of mutation.
loops A-B and B-C. The residues interacting with
the DNA are marked along the sequence of Spo0AC in
Protein and DNA Conformation in the ComplexFigure 2A and the interactions are depicted in Figure
The structure of Spo0AC is largely  helical, with six 2B. The recognition helix D fits into the major groove
helices connected mostly by short polypeptide seg-nearly perpendicularly to the DNA helix axis. Three argi-
ments. The helices are labeled A–F following thenine residues (R211, R214, and R217) located on the
nomenclature of B. stearothermophilus. Helix-C andsuccessive turns of this helix interact with DNA. Side
helix-D form the DNA binding helix-turn-helix motif (Fig-chains of E213 and H218 participate in binding interac-
ure 2B).tions through hydrogen bonds. Altogether, 5 residues
The Spo0AC conformation is the same as that of theof this helix participate in strong interactions with the
counterpart protein from the closely related species B.DNA and 3 of these residues interact directly (E213,
stearothermophilus [13]. The backbone conformationsR214, and R217) with the bases. The interactions from
of all four Spo0AC molecules in the asymmetric unit arethe other portions are all to the backbone, and hence
very similar and superimpose with rms deviations of lessall the direct sequence-specific interactions are from
the recognition helix. than 0.3 A˚. The rms deviations between the main chain
R214 forms a hydrogen bond with the second base atoms and those of the uncomplexed structure from
in the 0A box, guanine (E2). The arginine residue on the the B. stearothermophilus [13] Spo0A are only 0.43 A˚,
adjacent turn, R217, forms two hydrogen bonds to the indicating that there are no major backbone conforma-
guanine (E4). E213 interacts with the phosphate back- tional changes upon DNA binding, but only changes in
bone between E6 and E7 through a water molecule. It the side chains. Hence, this domain appears to have a
also makes a hydrogen bond with N of R217, thereby rigid geometry suitable for DNA interactions.
fixing the orientation of its guanidinium group for proper The helical parameters of the DNA duplexes were
interaction with DNA. E213 also interacts with cytosine estimated by the program 3DNA [22] and the parameters
(E4) in the fourth position in the 0A box through a water deviate only slightly from the ideal B-DNA geometry.
molecule. In Mol-C, the side chain of E213 is oriented There is, however, localized unwinding and overwinding.
differently and interacts directly with the cytosine on the The most striking deviation is seen in the helical twists
complementary strand in position E5. R211, H218 of within the 0A boxes (Figure 3) and in particular, the
D, and the main chain amide of K171 from the A-B central base pair of the inherent 0A boxes (TGTCGAA)
loop interact with the 5 chain DNA backbone. The main unwinds by over 10. The major groove widens, provid-
chains of G172 of B and A215 of D also interact with ing proper access for the side chain of R217 to form
the 5 chain DNA backbone through water molecules. bipartite hydrogen bonds with guanine (E4). But in the
The main chains of G191, S192, and I193 and the side two 0A boxes at the joints, interactions of R217 are lost
chains of T194 of the B-C loop, Y198 of C, and S250 and there is overwinding of 6 at these locations. The
of F, interact with the 3 chain DNA backbone. unwinding or overwinding is immediately compensated
The interaction of Mol-B with Box2 is depicted in Fig- for along the progress of the helix, and overall the geom-
ure 2C and shown schematically in Figure 1D. In Figure etry stays close to that of B-DNA.
2C, the orientation of the DNA is kept the same as in
Figure 2B and a comparison of the two figures shows
A Tandem Dimer of Spo0ACthat the relative orientation of Mol-B differs by about
Most of the dimeric proteins that bind to DNA have a30. Consequently, the C terminus of the recognition
dyad symmetry as they bind sequences related by ahelix is displaced away from the 3 strand, eliminating
2-fold symmetry. The present structure, however, formsseveral interactions from this end.
a tandem dimer when it binds to the tandem binding
sites on the DNA (Figures 1A, 1C, and 1D). The moleculesMutations Affecting Binding
are positioned such that the C terminus of Mol-A inter-The phenotype of several mutations in Spo0AC that give
rise to defective sporulation may now be explained on acts with the N terminus of Mol-B to form a dimer (Figure
Structure
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Figure 3. Deviations of the Helical Geometry
from the Ideal B-DNA
Variation of the twist angles between succes-
sive base pairs along the helix. The ideal
B-DNA is denoted as broken lines and ob-
served values are shown as solid lines.
1C). Mol-C and Mol-D bind to DNA in a similar way and interactions with this strand. The sequence-specific in-
teraction of R217 with the complementary strand is lost.also form a dimer. A tandem mode of interaction has
been observed in the crystal structure of the complex
of 9-cis retinoic acid receptor with a direct repeat of a Mutations at the Dimer Interface
The substitution of either valine or glutamic acid for theDNA consensus sequence [23]. A number of activators
and repressors are known to bind to direct repeats in- alanine at position 257, situated within helix F (Figure
4B), leads to a sporulation-deficient phenotype andcluding many members of the OmpR and AraC families
[17, 24] and CtsR families of Gram-positive bacteria [25], abolishes transcription stimulation of the H-dependent
spoIIA promoter [26] and A-dependent promoter spoIIGbut crystal structures of their complexes with DNA have
not been obtained in order to determine whether the [27]. The consequence of A257V may be to influence the
orientation and flexibility of helix F, thereby indirectlybound regulators dimerize on the DNA.
The tandem placement of the two Spo0AC molecules weakening the dimerization. Two suppressors of the
A257V mutation have been found: suv4 (H162R on helixon the DNA leads to the association of the C-terminal
helix F of Mol-A and helix B at the N-terminal surface A) and suv3 (L174F on helix B) [26] on the N-terminal
surface, while A257 is at the C-terminal end of Spo0AC.of Mol-B. The main interactions at the interface are
shown in Figure 4A. There is a salt bridge interaction The tandem dimerization of Spo0AC brings helix F of
Mol-A and helices A and B of Mol-B together at thebetween D258 (helix F of Mol-A) with R177 (helix B
of Mol-B). Y173 (helix B of Mol-B) forms a hydrogen dimer interface (Figure 4B). It appears that the suv4
substitution (H162R) would strengthen interactions be-bond with D258 (Mol-A). In addition, K171 (helix B of
Mol-B) forms hydrogen bonds with the main chain car- tween Mol-A and Mol-B, because the long side chain
of R162 can form a hydrogen bond with the main chainbonyl oxygen atoms of Glu188 and Ile187 through water
molecules. The dimer interface is also formed through of F236. In a similar way, the L174F mutation will
strengthen the hydrophobic interactions with I187 andhydrophobic interactions of A168, L174, and F205 from
Mol-B and I187, L190, A254, and M255 from Mol-A. A L190 on Mol-A. In the absence of the A257V mutation,
either of these substitutions (H162R or L174F) increasestotal of 10% of the surface area of the monomer is
buried in the dimer interface. Mol-B, while it optimizes the transcriptional activity beyond that of the wild-type
Spo0A (M. Perego, personal communication). Theits interactions with Mol-A to form the dimer, gets tilted
relative to the 0A box such that it is displaced away A257E change will bring a large side chain into the inte-
rior of the protein and a hydrophilic group with a negativefrom the complementary strand and loses some of the
Figure 2. Protein:DNA Interactions
(A) The sequence comparison of Spo0AC from B. subtilis with its counterparts from five other species. The residues involved in direct sequence-
specific interactions are shown against a red background, and the residues that interact with the backbone are shown in yellow. The  helices
are indicated as cylinders.
(B) A stereo view of Mol-A binding to Box1. The helix-turn-helix motif is shown in red. The helices are labeled A–F.
(C) A stereo view of Mol-B binding to Box2. The orientation of Box2 is kept the same as Box1 to show the differences in the orientations of
the protein.
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Figure 4. Dimerization of Spo0AC and suv Mutants
(A) A stereo view showing the main interactions at the dimeric interface. The F helix of Mol-A is shown in red. The A and B helices of
Mol-B are shown in blue. Residues involved in the main interactions are shown. Mutations of residues A257, D258, and L260 affect H-
dependent activation.
(B) A stereo view of the dimeric interface suggesting a mechanism for suppressors of A257V mutation. Substitution of L174 by F and H162
by R strengthens the dimer through hydrophobic and hydrogen-bonding interactions.
charge to the hydrophobic core causing displacement tion of Spo0A observed in DNA footprinting experi-
ments. A strong interaction found at tandem 0A boxesof the helix or destabilization of the structure. This may
explain why the suppressors suv3 and suv4 do not revert could propagate out in either direction on the DNA via
the dimer interface, aided by the fact that the majoritythe A257E mutation. In B. anthracis, the A257E change
is present in the sequenced strain, which presumably of Spo0AC interactions with the DNA are to the back-
bone and hence, nonspecific as to sequence.sporulates. Perhaps the alteration of L174 to methionine
suppresses the A257E change in this protein.
Valine-scanning mutagenesis of the ten C-terminal Discussion
amino acids indicates that the D258V and L260V substi-
tutions also affect both A- and H-dependent transcrip- The Spo0A transcription factor plays a central role in
the life of spore-forming bacteria of the Bacillus andtion activation, but neither of these modifications pre-
vent in vivo repression of the abrB promoter [27]. D258 Clostridium species. While sporulation is the most obvi-
ous phenotype regulated by Spo0A, it is regulated asis on the dimeric interface and forms a salt bridge with
R177 of the other promoter. Therefore, the D258V substi- part of the global control that this transcription factor
exerts on the process of shutting down cell division andtution would eliminate this strong intermolecular interac-
tion and weaken the dimer. The substitution of Leu260 entering stationary phase. Of the more than 500 genes
that Spo0A is known to activate or repress [28], a largeby a smaller side chain Val could have a destabilizing
effect as it may expose the hydrophobic core of the percentage is indirectly regulated by Spo0A repression
of the transcription of the gene for the AbrB transitionprotein to solvent, and could induce flexibility to helix
F. As these residues are located on the upper part of state regulator [29]. AbrB repression is an essential pre-
requisite to the synthesis of a large number of genesthe molecule, they are likely to affect dimerization.
The tandem distribution of 0A boxes and the dimeriza- for stationary phase functions. Thus, the status of the
phosphorylation state of Spo0A is amplified by its regu-tion of Spo0AC are the likely reasons for the oligomeriza-
Transcription Factor Spo0A in Complex with DNA
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both molecules, dimerization should help stabilize the
repression complex. However, the propensity to dimer-
ize at promoters is more likely to be important for activa-
tion of transcription rather than repression. The Spo0A
mutants that lose activation activity but retain repres-
sion of abrB transcription alter residues located at the
dimerization surface that are predicted to destabilize the
association between the molecules. The suppressors
of these mutations that restore activation activity are
located on the complementary dimerization surface and
would restore strong interactions between the two mole-
cules [26]. The effects of the mutant residues on dimer-
ization had been predicted from the structure of the
non-DNA-bound Spo0AC [13, 30, 31].
Figure 5. Tandem Dimer of Spo0AC Bound to DNA The capacity to form head-to-tail dimers and higher
This figure is oriented 180 from Figure 1C to show the E helix and order oligomeric structures of Spo0A may be essential
A binding region of both molecules. The E helices are shown in for Spo0A-activated promoters which are characterized
magenta, the HTH motif is shown in red, and the B helices are by a multiplicity of 0A boxes within and upstream of the
shown in green.
affected promoters [9]. Many of these 0A boxes deviate
substantially from the consensus sequence. The binding
properties of Spo0AC observed in the crystal are consis-lation of other regulators. Spo0A activation to repress
tent with binding to partial 0A boxes stabilized by thethe synthesis of AbrB is a required component of both
large number of non-sequence-specific DNA backbonesporulation and the pathogenic process of Bacillus thu-
associations. It is not difficult to visualize oligomeriza-ringiensis [7] and Bacillus anthracis [6]. In pathogenesis,
tion radiating from a focal 0A box because of theseAbrB is a key repressor of the transcription of the toxin
associations that could be essential for transcriptiongenes in B. anthracis in addition to many other genes.
activation at promoters. The Spo0A-regulated spoIIA,The complexity of the signal transduction network for
spoIIG, and spoIIE promoters have a series of 0A boxesa successful anthrax infection draws upon functions
extending to about 100 from the start site of transcrip-normally thought of as associated with stationary phase.
tion. If this is indicative of the need for an oligomerizedBecause of its importance, the Spo0A binding site
phosphorylated Spo0A molecule, it is clear why the acti-of the abrB promoter was used in the cocrystallization
vation of transcription requires a much higher level ofstudies with the Spo0AC domain. The structure of the
phosphorylated Spo0A than repression of abrB.consensus 0A boxes, tandemly arrayed one helical turn
The tandem binding of Spo0AC displays the E helixapart, at this site may play a significant role in the ob-
of both molecules on the same side of the dimer (Figureserved higher avidity of phosphorylated Spo0A for the
5). This helix is thought to make contact with A [20],abrB promoter, perhaps by aligning the Spo0A mole-
and the mechanism by which it contacts RNA polymer-cules in an optimal orientation for repression. Indeed,
ase has been the subject of speculation [13, 30, 31]. Ifthe Spo0AC domains were found to bind in a head-
there is a requirement for dimerization at A promoters,to-tail orientation such that a dimerization surface was
formed. In addition to the sequence-specific binding of it seems likely that RNA polymerase contacts a surface
Table 1. Data Collection and Refinement Statistics
Se MAD Se MAD Se MAD
Native inflection peak remote Iodo#
Wavelength (A˚) 1.08 0.9798 0.97949 0.92526 1.5418
No. of observations 243,795 45,551 49,930 50,893 47,870
Unique reflections 32,507 13,261 13,390 13,382 12,746
Completeness (%) 95.7 (78.2) 94.4 (97.0) 95.6 (98.1) 95.6 (97.4) 99.6 (99.2)
Rsym (%) 5.1 (38.5) 9.0 (35.1) 8.2 (31.2) 8.9 (37.9) 8.2 (19.4)
I/ (I) 16.0 (3.7) 15.4 (2.9) 13.3 (3.7) 13.5 (3.0) 18.8 (8.6)
Resolution (A˚) 2.30 3.11 3.11 3.11 3.2
Refinement
Resolution range (A˚) 20.0–2.3
Reflections used 30,541
Reflections used for Rfree 1,640
Rcryst/Rfree 0.221/0.259
No. of atoms (protein/DNA/water) 3,366/1,300/244
Rms deviations
Bonds (A˚) 0.008
Angles () 1.3
Values in parentheses are for highest resolution shells. Rsym  |I  	I
|/I, where I is the integrated intensity of a given reflection.
# Four consecutive thymines on the 5 strand of the DNA were changed to iodouracils.
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that is formed by two adjacent E helices. A similar Spo0AC molecules form a tandem dimer upon binding
to sites on adjacent DNA helices. Dimerization or forma-situation may exist forH promoters where mutant analy-
sis has not defined a H-specific region of Spo0AC. tion of higher order oligomeric structure of Spo0A may
be essential for Spo0A-activated promoters which areThe complexes of Spo0A and RNA polymerase at acti-
vated promoters serve as a focal point for regulation by characterized by a multiplicity of 0A boxes within and
upstream of the affected promoters. The genes regu-global regulators of cellular processes such as SinR [32]
and Spo0JA, which coordinates aspects of chromo- lated by Spo0A include the toxins and virulence factors
in B. anthracis and B. thuringiensis. The sequence ofsome replication and/or segregation with sporulation
[33]. The mechanism by which these regulatory proteins the effector domain of Spo0A from Bacillus anthracis is
almost identical to the sequence of Spo0AC, suggestinginteract with Spo0A has yet to be determined. However,
SinR is known to bind at the Spo0A-activated promoters that Spo0A could be a target for preventing toxin and
virulence factor synthesis in these organisms.spoIIA, spoIIG, spoIIE, and spo0A, acting as a repressor
of transcription [32]. Phosphorylated Spo0A displaces
Experimental ProceduresSinR from these promoters, thereby acting as an antire-
pressor as well as an activator [34].
Expression and Purification of Spo0AC
Because Spo0A is subject to and integrates informa- The DNA fragment containing the first two codons of the Spo0A gene
tion from many regulatory proteins responsive to basic (ME) fused to codon 149(K) through codon 268(S) was generated by
cellular processes, interference with the function of PCR and introduced into the XbaI-BamHI sites of the vector pET16b.
The truncated protein, Spo0AC, was expressed in BL21(DE3) Esche-Spo0A can occur at many points. Discovery and design
richia coli cells grown at 30C in LB media. Selenomethionine-con-of small molecule inhibitors of Spo0A to subvert the
taining Spo0AC was expressed in the methionine auxotrophic strainsynthesis of anthrax toxin and prevent edema and lethal-
B834(DE3) of E. coli. The cells were grown in defined media [37]
ity from the infection are now possible. In view of the containing 40 mg/l of seleno-DL-methionine. The protein purification
complex regulatory interactions of Spo0A, many of the was carried out in 20 mM NaPO4 (pH 6.8) buffer containing 150
surfaces of this regulator are likely to be possible targets mM NaCl, using three chromatographic steps: S cation exchange,
heparin agarose, and Sephacryl S-100 gel filtration. Purified Spo0ACof small molecule inhibition, and the refined structure
was stored in buffer containing 10 mM Tris-HCl (pH 7.5), 10 mMprovides a means to rapidly identify their binding sites
KCl, 2 mM MgCl2. The protein was concentrated by centricon 10as well as rationally design higher avidity molecules. For
ultrafiltration to 20 mg/ml. The incorporation of selenomethionine
example, the dimeric interface could be a target for was confirmed by MALDI mass spectroscopy (data not shown).
drug design. Although most drugs are thought to target
enzyme active sites or receptor pockets, several exam- Preparation of Oligonucleotides and Spo0AC:DNA
ples of inhibitors that function by disrupting protein:pro- Complex Formation
Oligonucleotides of lengths varying from 11 to 21 base pairs con-tein interactions have been reported. For example, inhib-
taining an 0A box (TGTCGAA) were used in crystallization, and theitors that allosterically block dimerization of inducible
best crystals were obtained with 16-base oligonucleotides whichnitric oxide synthase [35] and that prevent hetero-
formed a 15-base pair duplex with one base overhanging at both
dimerization of Bcl-2 proteins [36] have been described. 5 ends as follows: 5-TTCGTGTCGAATTTTG-3 and 3-AGCACAG
Inhibitors that target DNA:protein interactions, such as CTTAAAACA-5. DNA oligonucleotides used for crystallization were
the anticancer drug camptothecin and the antibacterial purified with reverse phase HPLC; then a mono-Q column was used,
and the oligonucleotide was eluted in a buffer containing 10 mMdrug nalidixic acid, do not recognize a specific DNA
NaOH (pH 11.0) with a gradient of 300–700 mM NaCl. Desalting withsequence, and this may contribute to side effects seen
a C18 SepPak was done using a procedure outlined in the nucleicwith these compounds. The sequence-specific interac-
acid purification guide (Pharmacia). The same method was used for
tions between DNA and protein structures, such as are iodinated oligonucleotides. All oligonucleotides were concentrated
seen here, show the type of interactions that specific by lyophilization. After purification, the dissolved oligonucleotides
agents would need to mimic. were annealed by slow cooling from 100C to room temperature
in 10 mM Tris-HCl (pH 7.5), 5 mM KCl, 2 mM MgCl2 overnight.
Nondenaturing DNA PAGE, followed by ethidium bromide staining,
was used to visualize DNA duplex formation. To form the proteinBiological Implications
complex, the protein:DNA complex was prepared at a stoichiometric
ratio of 2:1, and then the protein:DNA complex was concentrated
Sporulation is an adaptive response to poor growth con- to 18 mg/ml, as determined by a Bradford protein assay. This mate-
ditions and is controlled by a phosphorelay. The initia- rial was used for crystallization. DNA:protein complex formation was
tion of sporulation depends on the level of phosphoryla- verified by the mobility shift of the complex relative to the DNA
duplex on nondenaturing DNA PAGE.tion of Spo0A. The phosphorelay integrates multiple
environmental and metabolic cues leading to the accu-
Crystallization and Data Collectionmulation of the phosphorylated form of Spo0A. It con-
Spo0AC:DNA complex crystals were obtained at 22C by the hang-trols the transcription of several hundred genes in the
ing drop method using 12% PEG3350 with a reservoir buffer con-
spore forming Bacilli. taining 100 mM Tris-HCl (pH 7.0), 100 mM NaCl, 2 mM CaCl2, 2%
The crystal structure of the effector domain of Spo0A isopropanol. Crystals grew in 2 weeks to a maximal size of 0.2, 0.2,
0.4 mm in a monoclinic space group P21, with unit cell dimensionsin complex with DNA reveals the protein:DNA interface.
of a  51.0 A˚, b  82.9 A˚, c  90.6 A˚ and   93.6. The volumeSpo0AC has an -helical structure containing a helix-
of the unit cell suggested that there were two DNA duplexes andturn-helix DNA binding motif. Spo0A recognizes a
four Spo0AC in the asymmetric unit with a solvent content of 53%.seven-base pair DNA sequence termed the 0A box, and
Selenium crystals of the complex grew under similar conditions.
most of the specificity arises from the interactions of Crystals of the Spo0AC:DNA complex with four of consecutive thy-
the recognition helix with the second, fourth, and fifth mines changed to iodouracils (5-TTCGTGTCGAATTTTG-3) were
harvested in a buffer containing 100 mM Tris-HCl (pH 7.5), 200 mMbase pairs of the 0A box. In the crystal lattice, two
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NaCl, 2% isopropanol, 20 mM CaCl2, 8% PEG3350. The crystals sporulation in Bacillus subtilis is controlled by a multicomponent
phosphorelay. Cell 64, 545–552.were flash-frozen after transferring them into a cryosolution con-
taining 12% xylitol and 12% sorbitol. 4. Jiang, M., Shao, W., Perego, M., and Hoch, J.A. (2000). Multiple
histidine kinases regulate entry into stationary phase and sporu-X-ray diffraction data were collected at 100K using a nitrogen
stream. The native complex diffraction data at resolution 2.3 A˚ were lation in Bacillus subtilis. Mol. Microbiol. 38, 535–542.
5. Strauch, M.A., Webb, V., Spiegelman, G., and Hoch, J.A. (1990).collected at BL7-1, at the Stanford Synchrotron Radiation Labora-
tory, using a Mar detector. The selenium Spo0AC:DNA complex The Spo0A protein of Bacillus subtilis is a repressor of the abrB
gene. Proc. Natl. Acad. Sci. USA 87, 1801–1805.data at resolution 3.1 A˚ were collected at BL1-5 (SSRL) with three
different wavelengths (L1  0.97980 A˚; L2  0.97949 A˚; L3  6. Saile, E., and Koehler, T.M. (2002). Control of anthrax toxin gene
expression by the transition state regulator abrB. J. Bacteriol.0.92526 A˚) using an ADSC Quantum 4 CCD detector. The data from
the Spo0AC in complex with iodinated DNA data at resolution 3.2 A˚ 184, 370–380.
7. Lereclus, D., Agaisse, H., Grandvalet, C., Salamitou, S., andwere collected at the University of California, San Diego using a
Mar detector. These data were processed with the programs DENZO Gominet, M. (2000). Regulation of toxin and virulence gene tran-
scription in Bacillus thuringiensis. Int. J. Med. Microbiol. 290,and SCALEPACK [38]. Data collection and refinement statistics are
295–299.summarized in Table 1.
8. Hoch, J.A., and Silhavy, T.J. (1995). Two-Component SignalThe initial phases were estimated by MAD techniques using the
Transduction (Washington, DC: American Society for Microbi-selenium data. Five Se atoms were located using the program
ology).SOLVE [39] and the heavy atom parameters were refined by SHARP
9. Spiegelman, G.B., Bird, T.H., and Voon, V. (1995). Transcription[40]; two additional sites were determined from a difference Fourier
regulation by the Bacillus subtilis response regulator Spo0A.map. In each Spo0AC molecule, two Se atoms are disordered at
In Two-Component Signal Transduction, J.A. Hoch and T.J.the N terminus and another on a flexible loop. Out of the remaining
Silhavy, eds. (Washington, DC: ASM Press), pp. 159–179.eight Se atoms, seven were located.
10. Brown, D.P., Ganova-Raeva, L., Green, B.D., Wilkinson, S.R.,Phases were computed incorporating the data from the iodinated
Young, M., and Youngman, P. (1994). Characterization of spo0Acrystal. The figure of merit at this stage was 0.43. The solvent flat-
homologues in diverse Bacillus and Clostridium species identi-tening using program RESOLVE [41] improved the figure of merit to
fies a probable DNA-binding domain. Mol. Microbiol. 14,0.65 and the resulting map enabled the tracing of the two DNA
411–426.duplexes (except one base); 85% of the protein backbone and 60%
11. Lewis, R.J., Muchova´, K., Brannigan, J.A., Bara´k, I., Leonard, G.,of the side chains were also visible in the map. The electron density
and Wilkinson, A.J. (2000). Domain swapping in the sporulationfor residues 226–245 are poorly defined in all four Spo0AC mole-
response regulator Spo0A. J. Mol. Biol. 297, 757–770.cules. These residues were not included in the initial model. The
12. Lewis, R.J., Brannigan, J.A., Muchova´, K., Barak, I., and Wilkin-structure was refined using the program package CNS [42]. Refine-
son, A.J. (1999). Phosphorylated aspartate in the structure of ament included simulated annealing, crystallographic conjugate gra-
response regulator protein. J. Mol. Biol. 294, 9–15.dient minimization, restrained isotropic temperature factor refine-
13. Lewis, R.J., Krzywda, S., Brannigan, J.A., Turkenburg, J.P., Mu-ment, a bulk solvent correction, and an overall anisotropic
chova´, K., Dodson, E.J., Barak, I., and Wilkinson, A.J. (2000). Thetemperature factor correction. Throughout the refinement, 5% of
trans-activation domain of the sporulation response regulatorthe data were omitted for calculation of the free R factor. NCS
Spo0A revealed by X-ray crystallography. Mol. Microbiol. 38,restraints were imposed on the protein molecules during the early
198–212.rounds of refinement, but were completely released during later
14. Pelton, J.G., Kustu, S., and Wemmer, D.E. (1999). Solution struc-stages. In the final model, the residues 237–244 were excluded in
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